Background Glioblastoma patients show a great variability in progression free survival (PFS) and overall survival (OS). To gain additional pretherapeutic information, we explored the potential of O-(2-18 F-fluoroethyl)-L-tyrosine (FET) PET as an independent prognostic biomarker. Methods We retrospectively analyzed 146 consecutively treated, newly diagnosed glioblastoma patients. All patients were treated with temozolomide and radiation therapy (RT). CT/MR and FET PET scans were obtained postoperatively for RT planning. We used Cox proportional hazards models with OS and PFS as endpoints, to test the prognostic value of FET PET biological tumor volume (BTV).
Introduction
Glioblastoma is the most common and aggressive primary brain tumor in adults. Despite standard treatment consisting of maximal surgical resection, radiation and chemotherapy with temozolomide, the prognosis is poor, with a median overall survival (OS) of less than 15 months and 5-year OS of less than 10 % [1] . OS and progression free survival (PFS) vary greatly among glioblastoma patients and less than a third of patients complete the full 6 cycles of adjuvant temozolomide treatment [2] . Given that the chemo-radiation treatment time constitutes a considerable fraction of the expected OS for most patients, it is of great interest to stratify patients by the identification of prognostic and predictive biomarkers. For instance, a recent study found that in elderly and frail patients, a shortcourse radiation therapy or temozolomide alone represent a viable alternative. Further, for elderly patients, the standard 6-week radiotherapy regimen seemed to be associated with substantial risk of morbidity and discontinuation [3] . Former studies on prognostic factors for glioblastoma patients treated with standard therapy suggests that age, O(6)-methylguanine-DNA methyltransferase (MGMT) protein status, use of corticosteroids and performance status are associated with OS [2, 4, 5] . Mode of surgical resection has also been suggested as a prognostic factor indicating that increasing postoperative residual tumor volume is associated with poor prognosis. [1] Recently, the response assessment in neurooncology (RANO) working group has presented their recommendations for the clinical use of PET scans for diagnosis and treatment evaluation in the clinical management of gliomas [6] . One of the most promising radiotracers for glioblastoma evaluation is O-(2-18 F-fluoroethyl)-L-tyrosine (FET) with an excellent tumor-to-background contrast [7] . Studies have shown that the FET PET-defined tumor volume, termed biological tumor volume (BTV), reflects brain tumor tissue more accurately than morphological imaging techniques like magnetic resonance imaging (MRI) [8, 9] . Recently, two prospective studies demonstrated that the absence of postoperative FET PET tracer uptake was associated with a significantly longer survival in GBM patients, while residual tumor volume on MRI was not [4, 10] . These studies, in addition to a few other small samplesized studies [4, 5, 10, 11] indicate the value of postoperative, preirradiation tumor volume on FET PET as a prognostic factor.
Accordingly, the aim of this study was to evaluate the prognostic value of postoperative, preirradiation FET PET in a large cohort of patients treated with standard treatment in order to improve the existing prognostic models for glioblastoma patients.
Methods

Patients
This study retrospectively evaluated 146 glioblastoma patients diagnosed in the period September 2011 -April 2014. All patients included were histologically verified glioblastoma patients [12] . They received radiation therapy (RT) with concomitant and adjuvant temozolomide (TMZ) as first-line treatment and received a postoperative FET PET scan as part of the RT planning 2-3 weeks postoperatively. Of the glioblastoma patients diagnosed in this period, 200 patients received RT and TMZ, and of these patients, 148 received a FET PET scan. No apparent reason for the selection was found. Two patients were excluded because of significant perioperative co-morbidities, one due to meningitis and one due to a large infarction. All patients had a minimum clinical follow-up period of 1 year. The date of last follow-up was April 13 th 2015. Permission for data collection was given from the Danish Data Protection Agency (2006-41-6979).
Histologic analysis
Evaluations were made on formalin-fixed paraffin-embedded tissue. Tumor tissue was classified and graded as glioblastoma according to WHO guidelines [12] .
Protein status of MGMT and isocitrate dehydrogenase 1 (IDH1) were evaluated based on immunohistochemical procedures by the pathologist at time of diagnosis. Staining of more than 10 % was considered positive for MGMT protein.
Imaging
MRI 72 h postoperatively and for RT planning was carried out 2-3 week postoperatively and with 2 days of FET PET scanning on a 1.5-Tesla MRI scanner (Siemens, Erlangen, Germany) with acquisition of standard clinical sequences including 3D T1 (MPRAGE ) pre-and post-administration of gadolinium contrast and T2 fluid attenuation inversion recovery (FLAIR) [13, 14] .
FET PET and CT scanning were performed 2-3 weeks postoperatively as part of the RT planning procedure in a single session using an integrated hybrid PET/CT system scanner (Siemens Biograph mCT, Erlangen, Germany) acquiring a single static FET PET frame acquired 20 to 40 min after i.v. injection of 200 MBq FET. At our institution, a threshold with a tumor-to-background ratio (TBR) of 1.6 is used for radiotherapy planning, based on a biopsy-controlled study showing 1.6 TBR as the optimal threshold for distinguishing between tumor and non-tumor tissue in treatment naïve glioma patients [15] . However, resection may induce reactive astroglioses [16] with increased FET accumulation supporting a more conservative TBR of 2.0 and 1.8 for pretreated glioma and long-term measurement, respectively [4, 17, 18] . Since the optimal threshold for tumor delineation is uncertain in early postoperative patients, we defined the BTV based on activity above three different TBR cut-offs: 1.6, 1.8, and 2.0. The mean (TBR mean ) and maximum (TBR max ) TBR ratios were calculated by dividing the mean and maximum values of the lesion by the mean activity in healthy appearing gray and white matter [13, 14] (See Appendix for details).
Treatment
Prior to radio-chemotherapy, all patients received either a stereotactic biopsy or partial or gross total surgical tumor resection. As primary postsurgical treatment, all patients received 6 weeks of concomitant RT/TMZ therapy, with TMZ 75 mg/ m 2 /day and RT at a dose of 60 Gy to the planning target volume based on both MR and FET PET imaging in 30 fractions, 5 fractions per week [13, 14, 19] .
To relieve neurological symptoms, a number of patients were given corticosteroids. In this study, we considered a corticosteroid dosage of less than 15 mg a day at RT/TMZ treatment initiation as phasing out and, therefore, registered it as no use of corticosteroids. Four weeks after completion of concomitant RT/TMZ therapy, patients were given up to six courses of adjuvant TMZ therapy, one course defined as TMZ for 5 days followed by 23 days without therapy. The initial course was given at a dose of 150 mg/m2/day and the remaining courses at a dose of 200 mg/m2/day. The dose was adjusted based on relevant blood tests.
Radiation treatment planning
Treatment planning for RT was performed three dimensionally by fusing cerebral CT with a 1-mm slice thickness with baseline MRI and FET PET on the EclipseTM treatment planning system (Varian Medical Systems, Palo Alto, CA, USA). Volumes of interest were defined in agreement with International Commission on Radiation Units & Measurements Reports 50 and 62. The gross tumor volume (GTV) was defined as the contrast-enhanced tumor on postcontrast T1 image on the baseline MRI scan. The clinical target volume (CTV) was defined as the GTV + 2 cm margin, and the FET PET BTV (>1.6 B) without additional margin, if this extended outside the CTV. In a previous publication, we showed that FET PET will increase the CTV compared to CTV(MRI) in approximately 11 % of patients with glioblastoma [13] . If present, the surgical cavity was included. The PTV was defined as the CTV + 0.5 cm margin for patient setup inconsistencies. Tolerance doses for organs at risk were as described [13] . During RT, patients were also given antibiotic prophylaxis with 400 mg sulfamethoxazole and 80 mg trimethoprim 3 times per week.
To obtain a volumetric measure of the MRI contrast enhancing residual tumor within the MRI GTV as defined by an oncoradiologist, we used a three dimensional (3D) isocontouring threshold-based method on the post-contrast T1 RT planning MRI in MIRADA software (version XD3.4, Mirada Medical Ltd, New Road, Oxford, UK). This method excluded the resection cavity and all cystic/necrotic areas. Furthermore, high intensity changes related to hemorrhage or infarcts were removed with reference to the apparent diffusion coefficient MRI sequences. All volumes were defined blinded to the FET PET scanning. The residual MRI tumor volume was set to 0 mL in all patients evaluated to have gross total resection on early postoperative MRI.
Clinical evaluation
Patients who underwent resection were evaluated by an experienced neuroradiologist (V.A.L) with a postoperative MRI scan 48 -72 h after surgery. During treatment, patients were evaluated with MRI scans and neurological and clinical performance after two and five courses of adjuvant TMZ. After treatment, patients were followed with the same procedures every 3 months until death.
Study endpoints
Study endpoints were OS and PFS) OS was defined as time from start of RT/TMZ treatment until death from any cause. PFS was defined as time from start of RT/TMZ until first occurrence of disease progression [20] or death.
Statistical considerations
The Cox proportional hazards model was used for univariate and multivariate analysis of PFS and OS. Model assessment was done using cumulative sums of martingales. The BTV on FET PET and the contrast-enhancing tumor volume on T1 weighted RT planning MRI (Gd + MRIvol) were scored as continuous covariates and hazard ratios (HRs) are presented for a 10-unit (cm 3 ) difference. The survival probabilities for OS at 6, 12 and 18 months as a function of the BTV were estimated from the survivor function estimate derived from the Cox analysis. To investigate correlations between the three TBR cut-off thresholds prior to entry into prognostic models, we used Pearson's correlations. Calculations were performed using SAS (v9.4, SAS Institute, Cary, NC, USA) and R (R Development Core Team, Vienna, Austria, http://www.Rproject.org). P values less than 0.05 were considered significant.
Screened factors
The following factors were screened in univariate analysis: TBR mean , TBR max , BTV (1.6), BTV (1.8), BTV (2.0), multifocal disease, gender, Gd + MRIvol, frontal location, MGMT protein status, IDH1, PS, use of corticosteroids and age.
Results
Patient characteristics
We included 146 patients (50 women and 96 men) in the cohort. Patient's demographics are summarized in Table 1 (for a complete presentation of patient data see online research table S1). For second-line treatment, patients received: palliative TMZ (7.5 %), bevacizumab in combination with irinotecan (30.1 %), bevacizumab in combination with lomustine (5.5 %), monotherapy with lomustine (0.7 %), various protocolled experimental treatments (9.6 %), reirradiation (2.8 %), RT and concomitant TMZ in contralateral hemisphere (0.7 %).
The median BTV measured with a TBR > 1.6 was 21.8 cm 3 , TBR > 1.8 was 10.5 cm 3 and TBR > 2.0 was 5.4 cm 3 . At the end of study follow-up, 49 patients were still alive and of these, 16 patients were still alive without progression. Median follow-up time was 14 months with a median OS and PFS of 16.5 months and 6.5 months, respectively.
Univariate analyses
In univariate analyses, factors significantly associated with poor OS (online research table S2) were larger BTV (for all three TBR's P < 0.001), higher TBR mean (P < 0.001), higher TBR max (P < 0.001), older age (P = 0.002), WHO PS 1 vs. 0 (P < 0.001), WHO PS 2 vs. 0 (P < 0.001), use of corticosteroids ≥ 15 mg (P = 0.001), MGMT protein-positive (P < 0.001) and contrast-enhancing tumor volume on MRI (P < 0.001).
Factors associated with poor PFS were (online research table S2) larger BTV (P < 0.001), higher TBR mean (P < 0.001), higher TBR max (P < 0.001), WHO PS 1 vs. 0 (P = 0.004), use of corticosteroids > 15 mg (P = 0.04), MGMT protein-positive (P = 0.006). Contrast-enhancing tumor volume on MRI was not a significant prognostic factor (P = 0.082).
A Pearson correlations test showed a very strong correlation (p < 0.0001) between BTV delineated with the three different tumor thresholds. The correlations coefficients were: 1.6 vs. A Mann-Whitney U test showed a strong correlation between the use of corticosteroids and both PS (P < 0.0001) and BTV (P = 0.005).
Multivariate analysis
All three BTV delineated with different activity thresholds were strongly correlated and all were significantly associated with OS and PFS in univariate analyses. We found no obvious advantage of a more conservative threshold for prognostic evaluation. Thus, for the multivariate model, we used a BTV based on a TBR > 1.6 B which is already used in our standard clinical practice for RT planning. Due to a small sample size of the PS 2 group, PS 2 vs. PS 0 was insignificant when included in the multivariate model. In order to adjust for PS and to simplify the model, the two groups, PS 1 and PS 2, were pooled for the final multivariate analysis. In the multivariate analysis (Table 2) , factors associated with poor OS were larger BTV (per 10 cm 3 HR = 1.17, 95 % CI: 1.07-1.27, P < 0.001), poor PS (HR = 2.35, 95 % CI: 1.54-3.59, P < 0.001), MGMT protein-positive (HR = 1.61, 95 % CI: 1.07-2.42, P = 0.024), and higher age (per decade HR = 1.32, 95 % CI: 1.06-1.63, P = 0.013). Gd + MRIvol was not prognostic of OS (P = 0.72). For PFS, only larger BTV (HR = 1.18, 95 % CI: 1.07-1.31, P = 0.002) was of significant prognostic value.
However, in an independent multivariate analysis without BTV, Gd + MRIvol was prognostic of OS (HR = 1.15, 95 % CI: 1.05-1.25, P = 0.003) but not of PFS ( Table 2 ). The correlation between Gd + MRIvol and BTV was r = 0.67 (p < 0.0001), r 2 = 0.45 with a slope on linear regression of 0.41 (95 % CI: 0.33-0.48; Fig. 1 ).
Prognostic index
Based on significant factors from the multivariate analysis, we defined a prognostic index model where the survival probabilities at 6, 12 and 18 months can be estimated as a function of the BTV (TBR > 1.6 B). We divided patients into prognostic groups based on age, MGMT protein status and PS. The prognostic value of BTV FET PET at 6 and 18 months in the worst and best prognostic group is visualized in Fig. 1 . For all groups and 12-month survival, see online research figure S2. As seen in Fig. 2 , a patient in a good prognostic group (Age 50, MGMT protein negative, PS 0) with a BTVof 10 cm 3 has a 77 % chance at being alive at 6 months, whereas a patient in the poor prognostic group (Age 70, MGMT protein positive, PS 1-2) with at BTVof 120 cm 3 has an 18 % chance at being alive at 6 months.
Discussion
This retrospective study is, to date, the largest standardized published series evaluating the prognostic value of FET PET scanning postoperatively in a multivariate setting in glioblastoma patients. We found that BTV, regardless of which of three different activity cut-off thresholds was used, together with PS, MGMT protein and age were strong independent prognostic factors for OS. For poor PFS, increasing BTV and poor performance status were prognostic. The rationale behind the higher thresholds applied in previous studies [4, 11] adhere to the increased non-specific FET uptake in regional reactive astrogliosis following surgical trauma [21] [22] [23] , but could also underestimate clinically significant gliomatose infiltration (Fig. 3) . The strong correlation between the three BTV thresholds indicates that for a statistical and prognostical evaluation, there is no clear advantage of one threshold over another, probably reflecting the above trade-off between sensitivity and specificity for tumor tissue. A previous smaller FET PET study similarly did not find any prognostic superiority of different thresholds [11] . For practical reasons, we chose TBR > 1.6 B for the multivariate analysis since it is already implemented in the clinic for standard RT planning at our institution, where tumor sensitivity is a priority. Previous studies indicate the use of different thresholds at different stages of tumor evaluation whether in primary diagnosis, RT planning, or in assessment of recurrence or response [15, 24, 25] . TBR mean and TBR max were associated with OS and PFS in the univariate analysis, but failed to predict survival in the multivariate model, similar to a previous study [4] . This is not surprising given that FET is not metabolically fixated in tissue and the kinetics differ between tumors [4] . As we acquire images only late in the time-activity curve, these different kinetics will increase the variability in TBR mean and TBR max and influence the prognostic value.
Former studies on prognostic factors for glioblastoma patients treated with standard therapy suggests that age, MGMT protein status, use of corticosteroids and performance status are associated with OS [2, 4, 5] . A FET PET study identified postoperative BTV as the most important independent imaging biomarker prognostic for both PSF and OS irrespective of surgical mode [4] . Our study confirms BTV, age, MGMT protein status and performance status. In our model, positivity for MGMT protein was found prognostic of poor OS. In this retrospective study, polymerase chain reaction (PCR) of MGMT promotor methylation status on the DNA level was not performed. The evaluation of MGMT protein in the tumor cells using immunohistochemistry (IHC) was the diagnostic standard in glioblastoma pathology during the observation period. Previously, we have demonstrated a good agreement between MGMT promotor methylation and MGMT protein status in a study of 151 glioblastoma patients from our institution and, therefore, we find MGMT protein a reliable surrogate marker for MGMT promotor methylation, at least in our hands, and that our data and interpretation would not change should we reanalyze the material using the PCR technique [26] .
Based on the significant factors in the multivariate model, we formulated a prognostic index using Cox modeling for OS. The prognostic index can be used in clinical practice to estimate survival probability of the individual patient at 6, 12 and 18 months as a function of BTV (Fig. 1, online research figure S2) . The model underlines the relative sensitivities of increasing BTV in different patient populations revealing a profound dissociation. Increasing BTV has a marked short-term negative impact on estimated survival probability in the poor prognostic group. However, for the good prognostic group, the impact of BTV is only slight on the short term, and becomes clinically significant on the 18- Fig. 2 Estimated survival probability at 6 and 18 months as a function of biological tumor volume (BTV). The short-term (6 months) impact of increasing BTV glioblastoma patients is most pronounced in the poor prognostic group (b) and in the long term (18 months) in the good prognostic group (a). BTV is in cm month estimated survival probability. The described prognostic model can potentially be a valuable tool in the clinical decision process, tailoring the optimal therapeutic strategy for the individual glioblastoma patient. Thus, it could be used to identify unfortunate patients with a life expectancy of less than 6 months, where s t a n d a r d t r e a t m e n t c a n b e c o n s i d e r e d f u t i l e . Conversely, it could identify potential long-time survivors, where preservation of cognitive function and quality of life is given high priority and is reflected in the choice of therapy. It follows that the model could be used to reduce the risk of unnecessary side effects in both patient profiles. It should be noted that the model in its present form should be considered hypothetical and validation in an independent cohort prior to practical use is a prerequisite.
We found that larger BTV was prognostic of poor PFS as in previous studies [4, 11] . PFS is only marginally confounded by second-line therapy, and has the benefit of offering an earlier assessment and higher statistical power at the time of analysis. A prolonged PFS by itself may have a clinically significant beneficial impact on overall function and quality of life for the glioblastoma patient given the infiltrative and destructive nature of the disease. A recent large metaanalysis of 91 unique glioblastoma trials has shown that PFS and OS are strongly correlated, indicating that PFS may be an appropriate surrogate endpoint for OS [27] .
One limitation was the use of the Macdonald criteria, but it has been shown that PFS evaluated by both RANO and Macdonald were associated with OS [28] .
The prognostic value of postoperative BTV found in this and in other FET PET studies [4, 10, 11] repeatedly underlines the importance of maximal tumor resection [10, 29, 30] . We found a strong correlation between Gd + MRIvol and the BTV (Fig. 2) with a slope significantly lower than unity, indicating a general underestimation of tumor volumes based on Gd + MRIvol compared to BTV. In multivariate analysis, Gd + MRIvol did have independent prognostic value, providing BTV was not included, in which case it was lost. Only BTV was prognostic for PFS, while Gd + MRIvol was not in any combination emphasizing BTV as the more important prognostic factor. Extending the MRI tumor volume by including noncontrast-enhancing changes on T2-weighted sequences will not be practical on MRI 2-3 week postoperatively because of reactive changes, including oedema, ischemia, and gliosis, limiting the value in evaluating the extent of surgical resection and local tumor control.
Conclusion
BTV is a strong independent prognostic factor for OS and PFS for glioblastoma patients treated with surgery and radio- ; alive at 31 months follow-up. See Table S1 . Top: Transaxial section at the level of mesencephalon. Bottom: Mid-cerebellar coronal section chemotherapy. A model including BTV, MGMT protein status, PS and age can estimate the probabilities of OS for glioblastoma patients and can, if validated, be implemented in the clinical practice for treatment stratification.
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